The RNA-dependent RNA polymerases (RdRPs) encoded by the RNA viruses are a unique class of nucleic acid polymerases. Each viral RdRP contains a 500-600 residue catalytic module with palm, fingers, and thumb domains forming an encircled human right hand architecture. Seven polymerase catalytic motifs are located in the RdRP palm and fingers domains, comprising the most conserved parts of the RdRP and are responsible for the RNA-only specificity in catalysis. Functional regions are often found fused to the RdRP catalytic module, resulting in a high level of diversity in RdRP global structure and regulatory mechanism. In this review, we surveyed all 46 RdRP-sequence available virus families of the positive-strand RNA viruses listed in the 2018b collection of the International Committee on Virus Taxonomy (ICTV) and chose a total of 49 RdRPs as representatives. By locating hallmark residues in RdRP catalytic motifs and by referencing structural and functional information in the literature, we were able to estimate the N-and C-terminal boundaries of the catalytic module in these RdRPs, which in turn serve as reference points to predict additional functional regions beyond the catalytic module. Interestingly, a large number of virus families may have additional regions fused to the RdRP N-terminus, while only a few of them have such regions on the C-terminal side of the RdRP. The current knowledge on these additional regions, either in three-dimensional (3D) structure or in function, is quite limited. In the five RdRP-structure available virus families in the positive-strand RNA viruses, only the Flaviviridae family has the 3D structural information resolved for such regions. Hence, future efforts to solve full-length RdRP structures containing these regions and to dissect the functional contribution of them are necessary to improve the overall understanding of the RdRP proteins as an evolutionarily integrated group, and our analyses here may serve as a guideline for selecting representative RdRP systems in these studies.
INTRODUCTION
First identified in the 1950s in the mengovirus and poliovirus (PV) related studies (Reich et al., 1961 (Reich et al., , 1962 , the RNA-dependent RNA polymerases (RdRPs) encoded by the RNA viruses catalyze the RNA synthesis from RNA templates, and are responsible for the viral genome replication and transcription processes. As the essential and the most conserved protein from the RNA viruses, the RdRPs are attractive systems both for understanding the fundamentals of nucleic acid synthesis and for developing antiviral strategies. Each RdRP contains a catalytic module (or catalytic core) with an overall architecture resembling an encircled human right hand that is composed of the palm, fingers, and thumb domains (Hansen et al., 1997; Ago et al., 1999; Bressanelli et al., 1999; Lesburg et al., 1999) . The size of the catalytic module is typically about 50 and 70 kilo-Dalton (kD) for primer-dependent and de novo RdRPs, respectively, regarding the RdRP initiation mode (Lesburg et al., 1999; Thompson and Peersen, 2004) . However, the size of the RdRP protein could reach 240-450 kD (Kinsella et al., 2004; Liang et al., 2015; Gerlach et al., 2015) , often due to the requirement of incorporating other functional modules or as a result of coevolution with different host species. To some extent, the conservation of the catalytic module and the diversity of the full-length RdRP protein are two important aspects in understanding this unique class of polymerases. In this review, we surveyed all 46 RdRP-sequence available virus families listed in the International Committee on Virus Taxonomy (ICTV) 1 2018b collection from the positive-strand RNA virus category [ssRNA(+) in the ICTV genome composition assignment] and tend to provide an RdRP reference map based on known information of RdRP structure and function. The main purpose of this work is to place the current knowledge of these RdRPs in a broader context and to facilitate future studies in RdRPs with representative primary structure and/or with distinct functions beyond the catalytic module, thereby help improve the overall understanding of RdRP structure, function, and evolution. Based on sequence availability in the United States National Center for Biotechnology Information (NCBI) database 2 , one representative RdRP amino acid sequence was chosen for each virus family by giving the priority to the ICTV-suggested type species ( Table 1) . As an exception, one representative sequence was chosen for each virus genus for the Flaviviridae family, since very different RdRPs primary structure has been identified in this virus family. For simplicity, we used residues in the PV RdRP (also known as the 3D pol protein) to define conserved sites.
CONSERVED CATALYTIC MOTIFS AND RESIDUES AS REFERENCE POINTS FOR DEFINING THE BOUNDARIES OF THE RdRP CATALYTIC MODULE
A large number of RdRPs from the positive-strand RNA viruses are proteolytic products of viral polyproteins (Palmenberg, 1990; Wimmer and Nomoto, 1993; Reed and Rice, 2000; Bartenschlager et al., 2010; Pietila et al., 2017) . Since not all related proteolytic cleavage sites have been reported for some of the virus families, we were only able to define N-and C-terminal boundaries for 33 RdRPs among the 49 representatives (Figure 1 and Table 1 ). For the rest of the RdRPs, 7 of them only have a defined C-terminus, and 9 of them have both termini undefined based on our best knowledge. Hence, functional studies to identify polyprotein proteolytic sites are necessary to improve the global picture RdRP primary structure diversity, and our analyses are based on incomplete boundary assignments. The overall size of the RdRPs with clear boundaries ranges from ∼460 to ∼1930 residues, indicating that the primary structure of these RdRPs are quite diverse and potential functional regions are likely integrated into some of these RdRP proteins.
In order to assign or identify possible functional regions beyond the RdRP catalytic module, we use the RdRP catalytic motifs and highly conserved residues to help estimate the boundaries of the catalytic module. The RdRP active site is surrounded by the palm, fingers, and thumb domains with seven catalytic motifs (motifs A-G) distributed within the palm (motifs A-E) and fingers (motifs F-G) (Poch et al., 1989; Gorbalenya et al., 2002; Bruenn, 2003; te Velthuis, 2014; Wu et al., 2015) (see an alignment of motif A-C of the 49 representative RdRP sequences in Figure 2) . RdRPs share motifs A/C/D with DNAdependent polymerases and A-F with the reverse transcriptases (RTs, RNA-dependent DNA polymerases) (Poch et al., 1989; Delarue et al., 1990; Gong and Peersen, 2010) , while motif G is an RdRP hallmark motif that may participate in RNA template binding and post-catalysis RdRP translocation on the template (Gorbalenya et al., 2002; Shu and Gong, 2016) . Although each catalytic motifs may be well conserved at the levels of virus genus and family, highly conserved residues across different virus families can only be identified in motifs A/B/C/F, and only three residues are absolutely conserved (Figure 2 ). Among these three residues, two aspartic acid residues in motifs A and C (corresponding to the PV RdRP residues D233 and D328) participate in the coordination interactions with the two divalent metal ions essential for the phosphoryl transfer reaction, and are also required for other classes of polymerases (Beese and Steitz, 1991; Huang et al., 1998; Li et al., 1998; Yin and Steitz, 2004; Zamyatkin et al., 2008; Gong and Peersen, 2010; Appleby et al., 2015) . The third absolutely conserved residue is a glycine (corresponding to the PV RdRP residue G289) in motif B. This residue is typically adjacent to an serine and this SG dipeptide plays essential roles in recognizing the 2 -hydroxyl group of the nucleotide triphosphate (NTP) substrate, while the corresponding peptide bond flip accompanies a subtle conformational change of the NTP-induced RdRP active site closure identified by crystallography (Gong and Peersen, 2010; Appleby et al., 2015; Shu and Gong, 2016) . It has also been suggested that this glycine residue may be essential for a 3-Å tip movement of the motif B loop (corresponding to the PV RdRP residues 288-292) that could participate in the aforementioned post-catalysis RdRP translocation during each nucleotide addition cycle (NAC) (Sholders and Peersen, 2014) . Under either situation, the backbone flexibility of this glycine residue likely explains its requirement at this position. In some cases, the serine residue is replaced by a threonine or even rarely by other residues, and the threonine substitution can also be found in nucleoside analog drug-resistant virus stains (Figure 2 ; Dutartre et al., 2006; Lam et al., 2012; Flint et al., 2014) , suggesting that the side-chain hydroxyl group is the core conservative part of this residue. Motif F typically BetacoronaCoronaNido-SARS-CoV (Snijder et al., 2003; Subissi et al., 2014a) 
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FIGURE 1 | The primary structure comparison of RNA-dependent RNA polymerases (RdRPs) from representative positive-strand RNA viruses. Orders, families, genera, and species assignments based on the ICTV 2018b collection are listed in Table 1 . The virus species names are listed in alphabetical order giving the priority to virus order, then to virus family, and then to virus genus. The conserved motif C aspartic acid (magenta, corresponding to PV RdRP D328) is used as the origin in the scale bar. Conserved residues in motifs A, B, and F are also labeled: motif F lysine (corresponding to PV RdRP K159) in yellow; motif F arginine (corresponding to PV RdRP R174) in purple; motif A aspartic acid (corresponding to PV RdRP D233) in green; motif B glycine (corresponding to PV RdRP G289) in red. The orange rectangle indicates that 3D structures are available in that virus family (or virus genus in case of the Flaviviridae). The boundaries of the RdRP catalytic module defined by reported 3D structures are indicated by the white bars for the Flaviviridae and Permutotetraviridae RdRPs. Numbers on the right side of individual RdRP indicate the amino acids numbers for the full-length RdRPs. The question mark (?) indicates undefined boundaries of the RdRP proteins. The yellow and green arrows (150 and 230 residues in length, respectively) are used to estimate the N-terminal boundary of the RdRPs. The two long vertical bars (130 and 250 residues to the origin) indicate the C-terminal boundary of the RdRP catalytic module of the primer-dependent PV 3D pol and the de novo HCV NS5B and are used to help predict additional functional regions. Wherever available in literature, the name of additional functional regions are labeled. Circles placed at the RdRP termini indicate predicted additional regions. The numbers following the "N" and "C" simply refer to the number of families possibly having additional regions at the RdRP N-and C-termini, respectively.
Frontiers in Microbiology | www.frontiersin.orgFIGURE 2 | Sequence alignment of motifs A-C of RdRPs from representative positive-strand RNA viruses. The order of motif sequences from top to bottom are consistent with that in Figure 1 and Table 1 . Highly conserved residues, including three absolutely conserved residues (labeled by asterisks), are shown in red. Numbers within the brackets indicate the number of residues not shown.
contains several basic residues and is known to interact with the triphosphate and base moieties of the NTP substrate. Among these residues, one lysine and one arginine (corresponding to the PV RdRP residues K159 and R174) have the highest conservation level (Bruenn, 2003) . Hence, we use the absolutely conserved motif C aspartic acid (the first D in the signature sequence XGDD) as the reference point to align all RdRP sequences and use the aforementioned conserved residues to label motifs A/B/C/F (Figure 1) . In this way, the relative spacing of these key motifs can be compared in all representative sequences. Typically, the seven motifs appear in the order of G-F-A-B-C-D-E and follow the same protein folding topology. Very interestingly, the RdRPs from the Permutotetraviridae family has a different motif order of G-F-C-A-B-D-E. While its spatial organization of the motifs is consistent with that of other RdRPs, the folding topology is permutated (Gorbalenya et al., 2002; Ferrero et al., 2015) . A similar situation was found in RdRPs from the Birnaviridae family in the double-stranded (ds) RNA virus category (Gorbalenya et al., 2002; Pan et al., 2007) . These exceptions suggest that the swapping of the motifs could occur during protein evolution, while the catalytic function could remain largely unaffected. Besides the similarity in the order of RdRP catalytic motifs between the Birnaviridae and the Permutotetraviridae, the Birnaviridae viruses also use a VPg (viral protein genome linked)-mediated initiation mechanism for genome replication and a polyprotein coding strategy that are often found in the positive-strand RNA viruses (Lee et al., 1977; Pan et al., 2007) . These observations suggest that the evolutionary boundary between the positive-strand and ds RNA viruses are not definite. Next, we use two representative RdRPs, the PV 3D pol and the hepatitis C virus (HCV) NS5B to help estimate the boundaries of the catalytic module using conserved residues in motifs A/B/C/F as the reference points (Figure 1) . The first reason for choosing these two representatives is that these two proteins are known not to contain functional regions beyond the catalytic module except that the NS5B protein has a 21-residue membrane anchor at its C-terminus (Schmidt-Mende et al., 2001) . The second reason is that 3D pol and NS5B represent RdRPs that utilize primerdependent and de novo mechanisms to initiate the RNA synthesis, respectively (Wimmer and Nomoto, 1993; Zhong et al., 2000) . Both of these proteins have its N-terminus ∼150 or ∼230 residues away from the conserved motif F lysine or motif A aspartic acid (corresponding to the yellow and green bars in Figure 1) , respectively, while the residue distances between C-terminal boundary of the catalytic module and the conserved motif C aspartic acid are different (∼130 residues for 3D pol vs. ∼250 residues for NS5B). The thumb domain usually starts from 50-60 residues after the XGDD sequence and ends at the C-terminal boundary of the catalytic module. The primer-dependent 3D pol contains four helices in the thumb, while the de novo NS5B contains seven. If compared to 3D pol , NS5B has one insertion between the third and fourth helices, three extra helices after the fourth helix, and a C-terminal extension (Hansen et al., 1997; Lesburg et al., 1999) . It has been suggested that the insertion and the extension together form a priming platform, interacting with the 3 -end of the template and the initiating NTPs to facilitate the de novo initiation (Luo et al., 2000; Appleby et al., 2015) . In subsequent analyses, we use 150 or 230 residues from motif F lysine or motif A aspartic acid to estimate the N-terminal boundary (corresponding to the yellow and green arrows in Figure 1 ) and 250 residues from the motif C aspartic acid to estimate the C-terminal boundary (corresponding to the vertical bar on the right hand side in Figure 1) for RdRPs without three-dimensional (3D) structure reported.
REPRESENTATIVE 3D STRUCTURES OF RdRPS FROM THE POSITIVE-STRAND RNA VIRUSES
Three-dimensional RdRPs structures have been reported for about 20 positive-strand RNA virus species (Hansen et al., 1997; Lesburg et al., 1999; Ng et al., 2002 Ng et al., , 2004 Choi et al., 2004; FerrerOrta et al., 2004; Love et al., 2004; Fullerton et al., 2007; Malet et al., 2007; Yap et al., 2007; Campagnola et al., 2008; Takeshita and Tomita, 2010; Wu et al., 2010; Lu and Gong, 2013; VivesAdrian et al., 2014; Ferrero et al., 2015; Bi et al., 2017; Upadhyay et al., 2017; Wang et al., 2017; Liu et al., 2018) . However, these species only cover five virus families (Picornaviridae, Caliciviridae, Flaviviridae, Leviviridae, and Permutotetraviridae) (Figures 1, 3) . Among structure-available RdRPs in each virus family, only the RdRPs from the Flaviviridae exhibit apparent global structure diversity and have three distinct structural forms. Therefore, a total of seven RdRP structures, including three from the Flaviviridae, were chosen as representatives for a schematic illustration of RdRP global structure diversity in positive-strand RNA viruses (Figure 3) . Among these seven structures, five of them do not contain functional regions beyond the polymerase catalytic module (Lesburg et al., 1999; Ng et al., 2002; Thompson and Peersen, 2004; Takeshita and Tomita, 2010; Ferrero et al., 2015) , although the full-length Thosea asigna virus (TaV) RdRP does contain a large C-terminal region (discussed below). While the structural details are quite different, all these structures are composed of the palm, fingers, and thumb domains and share similar global architecture. The flavivirus NS5 and the pestivirus NS5B, both from the Flaviviridae family, are the only RdRP structures contain additional functional regions (Lu and Gong, 2013; Liu et al., 2018) . The N-terminal ∼260 residues of the flavivirus NS5 is a methyltransferase (MTase) that participates in the 5 -capping process of the virus RNA genome (Egloff et al., 2002; Koonin, 1993) . Based on full-length NS5 crystal structures solved in Japanese encephalitis virus (JEV), dengue virus (DENV), and Zika virus (ZIKV), the MTase adopts the Rossmann fold and interacts with the RdRP fingers domain intra-molecularly in two different modes, one represented by the JEV and ZIKV structures and the other represented by the DENV structures (Lu and Gong, 2013; Upadhyay et al., 2017; Zhao et al., 2015) . The N-terminal ∼90 residues of the pestivirus NS5B folds into a small α/β globular domain (namely NTD). The NTD forms intra-molecular interactions with the RdRP palm domain (Li et al., 2018; Liu et al., 2018) . Collectively, only a couple of representative RdRP structural forms contain functional regions beyond the RdRP catalytic module. However, the following primary structure analysis suggest that numerous representative RdRPs may have functional regions fused to the catalytic module, in particular to the N-terminus.
THE DIVERSITY OF THE RdRP PRIMARY STRUCTURE IN THE POSITIVE-STRAND RNA VIRUSES
With the assignment of the key motifs and the size estimation between these motifs and boundaries of the catalytic module, we are able to predict whether functional regions exist at both N-and C-terminal sides of the catalytic module and the approximate size of these regions using the aforementioned criterion, in particular, for those RdRPs with defined boundaries. Interestingly, most of these additional functional regions with an estimated size of 100 residues or larger were found at the N-terminal side of the catalytic module (14 out of 30 families with defined N-terminus), while much fewer showed up at the C-terminal side (4 out of 37 families with defined C-terminus) (Figure 1) . The preference of "recruiting" N-terminal regions may be related to two factors. Firstly, among all 46 virus families surveyed, 22 families have the RdRP coding region located at the 3 -end of a polyprotein open reading frame (ORF), while 16 families have the RdRP coding region in the middle of an ORF and 8 families have the RdRP coding region as an independent ORF. Secondly, the de novo RdRPs tend to have important initiation elements located at its C-terminus (e.g., the aforementioned priming platform components in HCV NS5B). Both of these factors could reduce the opportunity for RdRPs to recruit additional regions to their C-termini during their evolution. Among these RdRPs containing additional functional regions, some of them have long drawn attentions in the related field but without much advances in structure and related functional characterization of the additional regions. The Coronaviridae nsp12 and Arteriviridae nsp9 have a ∼200-400 residue N-terminal region with both the structure and function remaining elusive (Gorbalenya et al., 1989; Xu et al., 2003; Beerens et al., 2007; te Velthuis et al., 2010) . The Coronaviridae nsp8, which can form a supercomplex with nsp7 (each protein contributes eight copies) (Zhai et al., 2005) , may have RNA-dependent primase activities (Imbert et al., 2006) , and were shown to facilitate the nsp12 RdRP activities along with nsp7 (Subissi et al., 2014b) . However, whether and how the N-terminal region of nsp12 might participate in RdRP catalysis or interactions with nsp7/nsp8 remain unclarified. The Permutotetraviridae RdRP that contains a ∼600-residue C-terminal region only has the catalytic module structure solved (Ferrero et al., 2015) . The nearly 2000-residue Alphatetraviridae RdRP has an MTase and a helicase in its N-terminal region and a ∼500-residue C-terminal region with unknown function (Gorbalenya et al., 2002) . The Kitaviridae RdRP has a helicase in its N-terminal region (Quito-Avila et al., 2013) . The Togaviridae nsP4 protein has a ∼150-residue N-terminal region that may interact with other viral replication proteins (Lemm et al., 1990; Tomar et al., 2006) . The N-terminal ∼300-350 residues of the Tombusviridae and Carmotetraviridae RdRPs can be produced as proteins (named P33 and P40, respectively) due to a UAG stop codon within the RdRP ORF (Kidmose et al., 2010; Walter et al., 2010) . However, the function of these N-terminal regions either as individual proteins or as portions of the RdRP proteins is unknown. Solving the 3D structures of these RdRPs, in particular in their full-length form, is essential to the understanding of these RdRPs. Aside from these RdRPs with relatively large additional regions, some RdRPs with small additional regions may have evolved important functions as well. In the Flaviviridae family RdRPs, the hepacivirus and pestivirus NS5B proteins have a 21-24 residue hydrophobic membrane anchor at their C-termini, facilitating its involvement in the replication complex that is located in membranous vesicles derived from endoplasmic reticulum (ER) (Lai et al., 1999; Schmidt-Mende et al., 2001; Appel et al., 2006; Romero-Brey and Bartenschlager, 2014) . The ∼90-residue NTD of the pestivirus NS5B modulates the fidelity of RNA synthesis through its intramolecular interactions with the RdRP palm domain (Liu et al., 2018) . Therefore, it will also be quite interesting to dissect the mechanisms involving small but potentially functional regions that may not be readily predicted in our boundary analysis.
DISCUSSION
Viral RdRPs represent a unique nucleic acid polymerase class of and is the only class that does not involve DNA in any stages of the synthesis. To preserve their RNA template and ribonucleotide triphosphate (rNTP) substrate specificity, the seven catalytic motifs are the central segments to preserve during virus evolution. While we have mainly focused on the diversity and variations beyond the catalytic modules, attentions may also be drawn to the variations within the catalytic module but excluding the catalytic motifs. For the representative RdRPs that we surveyed in this study, the spacing between certain catalytic motifs could vary to a great extent. For example, the residue distance between the conserved motif B serine and the motif C aspartic acid in these RdRPs ranges from 30 to 94, corresponding to a motif spacing of 12-76 residues (Figures 1, 2) . We hypothesize that such regions, if located at or near the RdRP protein surface, may have been utilized by the positive-strand RNA viruses as evolutionary "hot spot, " in particular in their host adaptation processes. Further investigations are needed to test this hypothesis.
Although we tried to survey the positive-strand RNA virus RdRPs in a comprehensive manner, there are still several limitations in our analyses. Firstly, the virus species that have not been assigned at the virus family level are not included in our analyses. Secondly, some virus families contain a large number of virus genera (e.g., 47 in Picornaviridae and 14 in Tombusviridae), suggesting high-level of genome and RdRP diversity within individual families. Moreover, RdRP primary structure diversity and genome-level diversity may not be consistent. The Flaviviridae is such an example with only four genera but three drastically different primary RdRP structures. Therefore, choosing one representative RdRP for each family (with the Flaviviridae as the only exception) may not be sufficient and ideal. Thirdly, the boundary estimation of the catalytic module is only a crude assessment. For example, the distance between the N-terminal boundary of the TaV RdRP catalytic module to the conserved motif F lysine is at least 100 residues longer than estimated distance using the 150-residue criterion used in our analyses (Ferrero et al., 2015) .
In summary, we collected representative RdRPs encoded by positive-strand RNA viruses mainly at the level of virus family. By locating highly conserved residues within catalytic motifs within the RdRP ORF and by referencing structural and functional information of RdRPs in the literature, we tried to estimate the boundaries of the RdRP catalytic module in the full-length RdRP. Numerous regions beyond the RdRP catalytic module exist and many of them have either structure, or function, or both to be determined. Collectively, the global structure and regulatory functions related to regions beyond the catalytic module of the positive-strand RNA virus polymerases are quite diverse, and the current knowledge of these proteins is limited to only a few virus families. One purpose of our analyses is to provide a general guideline for researchers interested in these RdRP proteins and related viral systems to selectively or systematically investigate RdRPs with representative features. The global view of the positive-strand RNA virus RdRPs will continue to evolve with new virus species assigned, new structures determined, new functional regions identified, and new mechanisms dissected.
